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ome context and background
*  NOx and diesel operation
¢ Silverado 2500 allegations
Applicable regulations from CFR
* Start with optional chassis certification for Tier 2 HDV
* Focus on emissions and test cycles, not durability or evaporative /
refueling emissions testing.
¢ Which cycles are applicable?
* In general use, what about differences in (a) temperature,
(b) altitude, or {c) drive cycles?
¢ Summary
Literature: Effect of on-road driving
e Drive cycles
* Grade
* low temperature
* High temperature
= Altitude
¢ Summary
Gaps between on-road driving and cycle tesing
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Gasoline vehicles use TWC, which require stoichiometric engine
operation.

Diesel engines run lean, and require a different aftertreatment
methodology. More modern diesels have one or both of:

* SCR (selective catalyst reduction)

¢ Tradeoff between engine-out PM and NOx

¢ SCR effectiveness is sensitive to NOx concentration

e DPFs are effective at reducing PM, even at high rates, but high
levels of PM contribute to early failure.

Manufacturers tend to bias toward lower NOx on-cycle, where SCR
is more effective, but lower PM off-cycle.

* LNT (lean NOx trap)
* Tradeoff between NOx and fuel cansumption.

* LNT requires regeneration with rich atmosphere, which requires
extra fuel.

+ More EGR = lower engine-out NOx = fewer regens.
e But more EGR contribute to lower durability.
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VW/Audi engines after-treatment systems contain LNTs; remainder are SCR systems.

fiuhanziYang: Vicente Franco; Alex Campestrini; John German, and Peter Mock. {September 2015). NOx controf technologies for:
Euro 6 Diesel pussenger curs: Market penetrotion and experimental performance gssessment, 1CCT White Paper.
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From Class Action Complaint:
Testing conducted indicates that:
* Silverado and Sierra 2500HD vehicles emit far more pollution on the

road than in the emission certification testing environment

* These vehicles exceed federal and state emission standards

* These vehicles and employ at least three different defeat devices
that reduce the effectiveness of emissions controls when the vehicle
senses that it is not in the certification test cycle:

* Testing confirmed that the vehicle complies with emissions
standards at the temperature windows where the emissions test
is performed for certification. But the NOx emissions increase
significantly when the temperature is below 68°F or above 86°F

» Higher emissions occur after the vehicle has been run for 200-
500 seconds of steady speed operation on average by a factor of
4.5 in all temperature windows.
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Examples given:

Higher emissions with
increasing time

Higher emissions with lower and
higher temperature
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= A manufacturer may optionally certify heavy-duty diesel vehicles
weighing 14,000 pounds GVWR or less, to the standards specified in
§ 56.1816- 08,

¢ Such vehicles must meet all requirements of subpart S of this pant
that are applicable to Otto-ovele vehicles, excent for svaporative,
refusling, and ORD requirsments where the diese! specific OBD
reguirements would apply.

= This section does not apply for vehicles certified to the Tier 3
standards in 886 1816-18 Including those vehicles that certifv o the
Tier 3 standors betore model vear 2008

Thus, HD complete diesel vehicle = HD complete Otto vehicle
(for Tier 2).
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»

& 86.1801~12 Applicability,

{a) Applicabiiity. Excent as otherwise indicated, the provisions of this
subpart apply 10 new light-duty vehicles, Hght-duty trucks, medium-duty

Incases where g provision applies only 1o g certain vehicle group based
an its model yvear, vehicle class, motor fusl, engine type, or other
distinguishing characteristics, the Iimited applicability is cited in the
appropriate section of this subpart,

iht Applicobility of provisions of this subpart to light-duty vehicles, light-
duty trucks, medium-duty possenger vehicles, and heavy-duty vehicles.
Murmerous sections in this subpart provide requirements or procedures
applicable to g “vehicle” or “vehicles” Unless otherwise specified or
atberwise determined by the Adminisraton the teon Yvebice or

Yoehicies” inthose provisions aooiv eouallv to lent duty vebicles
LDt lehtdube trucks LIS modinmy duty noseonper yehicles

IRADPYCY and Bagww-dihy vohicies THIWAY G thage torms are defined in
§ 86 180501

Thus, “vehicle” includes HD complete Otto vehicle (and therefore HD
complete diesel vehicle) unless explicitly noted otherwise.
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§86.1820-01 Durability group determination.
s This section anpiies to the grouging of vehicles Into durability groups.

Manufacturers shall divide thelr product line into durability groups
based on the following oriteria...

586.1827-01 Test group determination,.

= This section spplies to the grouping of vehicles into test groups within a
durability group. The vehicles covered by an application within a
durabiiity group shall be divided into test groups based on the following
criteria, The manufacturer shall use good enginesring judgmeant in
groyping vehicles into test grouns

Thus, all “vehicles” are included in a “test group.”
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ts:

EDV = emissions 5
demonstration vehicle

& B6.1829-01 Durability and emission testing reguirements

s Testing ot low aftiude. One EDV shall be tested in each test group for exhaust
emissions using the FTP and SFTP test procedurss of subpart B of this part and
the HFET test procedure of subpart B of part 800 of this chapter.

= Testing at high aftitude. the manufacturer can either:

A. Test one EDV in each test group for exhaust emissions using the FTP test
procedures of subpart B of this part; or

B. ..provide a stgtement in its application for certification that, based on
the manufacturer’s engineering evaluation of sppropriste high-altitude
srnission testing, all lehi-duty vebldes, light-duty truchks and complete
Beavy-tuty venicles comply with the emission standards ot bigh altiude.

Thus, one EDV from all test groups are tested over the FTP, SFTP, and HFET.
One assumes most manufacturers opt for an engineering evaluation of
high altitude performance.
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£ B85.1829-01 Durabilily and emission testing reguirements
s The manulscturer must test gne EDV in each durability grous Tor cold

temperature 20 and cold temperature NMHC exhaust emission compliance
in accordance with the test procedures in subpart € of this part or with
altternative procedures approved in advance by the Administratorn

s To determine idle CO emission compliance for light-duby trucks and
complete heavy-duty vehicles, the manufaciurer shall follow ong of the
following two procedures:

A, Fortest groups containing Hghi-duty trucks and complete hesvy-duty
vehicles, each EDY shall be tested In accordance with the idie 00
resting orocedures of subpart B of this part or

B. 2 manufacturer may provide 2 statement in its application for
certification that, based on the mantfacturer’s engineering evaluation
of such inle 00 testing as the manuiacturey deens apnronriate, all
Hehtdduty trucks and complate heawy-duty vebicles comply with the
iddie U0 emission standards,

Thus, one EDV from all test groups are tested over the Cold CO cycle. One
assumes most manufacturers opt for an engineering evaluation of idle CO.
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& B6.1829~15 Durability and emission testing reguirements
»  The manufacturer must test EDVS as follows to demonstrate complisnce with
emission standards:

11 Testone EDV in each durability group using the test procedures in 40
CFR part 1066 to demaonstrate compliance with cold temperature CO
and NMHC exhaust emission standards.

23 Test one EDY In each st eroup using the FTR SFTR and HFET test
nroceduras in 40 CFR part 1066 1o demonstrate compliance with other
axhaust emission standards.

¢  The above tests are run at low-altitude conditions.

¢ Farstandards that gonly ot highealtitude conditions, the manufacturer may
sither perform the tame tesrs or provide 2 statement | that based onan
pnginesring svaluation of & iate ing.. allvehicies comply with
applicable emisslon standsnds at high altituds,

Thus, one EDV from all test groups are tested over the cold CO, FTP, SFTP,
and HFET. One assumes most manufacturers opt for an engineering
evaluation of high altitude performance.
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§86.1811-04 {+0% +10) Emisslon standards for lght-duty vehicles, light-
duty trucks and medivm-duty passenger vehicles,

N20O
5 e |

Cold CO e

(gasoline only)

Thus, Tier 2 emission standards for LDV and LDT depend on all five cycles,
but MDPV depends only on FTP, HWFET, and Cold CO.
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§86.1811-17 Exhaust emission standards for light-duty vehicles, Hght-duty
trucks and medivum-duty passenger vehicles.

N20O
5 e |

Cold CO e

(gasoline only)

Thus, for Tier 3, emission standards for LDV and LDT and MDPV depend on
all five cycles.
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E06.1816-05 [+08) Emission standards for complets heavy-duty vehicles,

o2 L e e e B

£86.1816-18 Emdssion standards for complete heagyv-duty vehicle

- wwos | co | ACHO m

HD SFTP: UDDS + SCO3 + [le}
US0é6 or USO6 HW or LA92
HWEET

Thus, for Tier 2, emission standards for HDV certified under subpart S
depend only on FTP (n.b., the Tier 2 standards do not actually specify the
test procedure), and even for Tier 3 there is no Cold CO requirement.
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£86,18063-01 Definltions
»  High oftitude means any elevation over 4,000 feet,
s Migh-cititude conditions means & test altitude of 5,315 feef, plus or minus
328 feet...
* Low aftitude means any elevation equal 1o or less than 4,000 feet.
s Low-altifude condifions means a test altitude less than 1,800 feet,
& 86181009 General standards
= Al emission standards apply at low altitude conditions and st high sltitude
conditions, with the following exceptions:
1} The supplemental exhaust emission standards as described in
BE6.1811-0400 anply only at low-altiiude conditions;
21 The cold temperature NMHD emission standards as described in
BEAIBIL-10s) appiv only at low-altitude conditions,
31 The pyeporative emission standards specified In 885 1811-08{e) aoniy
at lowe-altitude conditions

Thus, for all vehicles, all applicable standards apply up to 1800 feet.
in addition, FTP, HFET, and cold CO standards apply at 4987 - 5643 feet (but
technically not at 1800 — 4987 feet).
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For vehicles that comuply with the cold temperature NMBEC standards
described in §86.1811-10{g) and the CO2, N20, and CHE exhaust emission
standards described in §88.1818-12, manufacturers must submit an
engineering evaluation indicating that commoen calibration approaches are
utilized at high altitudes {except when there are specific high altitude
calibration nesads to deviale from low altitude emission control practices),
[These vehicles are 2012 and later LDV, LDT, and MDPVs.]

Any deviation from low altitude emission control practices must be included
in the awdilisry emission control device [AECD) descriptions submitted at
certification.

Ary AECD specific to high altitude must require engineering emission data
for EPA svaluation to quantify any emission impact and validity of the AECD,

Thus, common calibrations must apply altitudes > 4000 feet for all non-HDVs.
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& 85.180%-17 Prohibition of defeat devices.

Mo new lght-duty vehicle, Hght-duty truck, medium-duty passengsr vehicls,
or complete heavy-duty vehicle shall be eguipped with a defeat device.

The Administrator may test or reguire testing on any vehicle at a designated
focation, using driving cycles and conditions that may reasonabiy be

%

&

axpected 1o be encountered in normal operation and use, for the purposes
of investigating a potential defeat device,

The manufaciurer must show to the satisfaction of the Administrator that
the vehicle design does not incorporate strategles that unnecessarily reduce
emission control effectiveness exhibited during the Federal Test Procedure
o Supslemental Feders! Test Procsdlurs (FTRP ar SFTR or the [HFETL arthe
Alr Conditioning Idls Test when the vehicle s ooerated under conditions
that may reasonably be evsertad 1 e anenuntered In normal ooseatios
and use.

Note this is a general prohibition, and applies whether or not actual SFTP,
HFET, or AC idle testing is performed or used in certification.
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§86.1802-01 Definitons.

o Awxdliory Fmission Control Device (AECD means any slement of design
which senses tempearature, vehicle speed, engine RPM, transmission gaar,
manifold vacuum, or any other parameter for the purnese of activating,
modulating, delaying, or deactivating the operation of any part of the
gmission control system.

= Defeal device means an auxiliary emission control device {AFCD) that
raduces the effectivensss of the emission control sysiem under conditions
which may reasonably be expected to be encountered in normal vehicle
operation and use, uniess:

1 Suchoonditions sresubstantialy Included i the Federsl smission test
nrocedurs:

21 The need for the BECD s justified in torms of protectine the vehicls
sgainst damaee or aocident:

31 The ARCD does nof go bevond the recuiremenis of engine sterting o

41 The AFCD applies only for emergency vehicies,

KX

Note these definitions have been constant since A/C 24 in 1972.
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£ 86.180%-12 Probibition of defest devices.

* Intermediate cold temperature CO guideline: The guideline for £ emission
congruity across the intermediate temperature range is the linear
interpolation between the CO standard applicable a1 25 °F and the £
standard applicable at 68 °F

¢ NMHC linear guideline is similar.

= For each test group the manufacturer must submit... a0 enginsering
gvaluation demonstrating o the satistaction of the Administrator that &
discortinuity in emissions of non-methans organic gases, carbon monoxide,
carbon dicxide, oxides of nitrogen, nitrous oxide, methane, and
formaidehyde measured on the [FTR] and on the [HFET] does not ooour in
the temiperature tanpe of 2010 86 °F

* Note Cold €O is run at 20°F (-7°C) and the SC03 at 95°F (35°C).

Thus CO and NMHC standards at intermediate cold temperatures are by
definition linear in the cases where there is a cold standard.

But generally pollutants must have no “discontinuity” over the
intermediate temperature range.
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operation and use”
IWihether an ARCD is justified as necessary depends in part on considerations of
cutrently available technolosy. For example, sngine protection would not Justify an
AECD i the need for engine protection is the result of inadeguats design of the
engine, when viewsd in comparison to currently svailabie technology.

Discusses altitudes where “Significant parts of this country are at altitudes above this
threshold.”

In the summer, many aress of the country experience numerous days where the
temperature approaches or sxceeds 100 degrees F amblent, EPA believes thatvehicle
operation at 104 degrees F and above 13 "normal” and that NOx emission controls can
and should be desiensd to work on the bot sumimsr dayvs when they are nesded the
mast,

Operation at cocler temperatures i normad! sicent for entreme cold tempsratiires,
Gives examples of AECDs based on altitude, engine temperature, inlet temperature.

In the HD context, EPA has considered some parameters of “normal operation”
experienced within “significant parts of the country.” In addition, an inadequately
designed engine compared to “currently available technology” is not allowed.
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Optionally chassis certified HD vehicles (e.g., Silverados) must meet all requirements

of chassis certification

*  All vehicles must be tested on FTP, HW, US06, SC03, and Cold CO tests (Tier 2 + Tier 3).

¢ LDV standards: all five cycles (Tier 2 + Tier 3).
¢ MDPV standards: FTP, HW, and Cold CO only (Tier 2); all 5 cycles (Tier 3).
* HDV standards; FTP only (Tier 2); FTP + HW + SC03 + US06/LA92 (Tier 3).

¢ NUMERICAL STANDARDS: Which and whether standards are set for each cycle
depends on vehicle class & Tier 2/3.

*  OPERATIONAL STANDARDS: Emission control strategies exhibited on the FTP and SFTP
must be maintained under conditions which may reasonably be expected to be
encountered in normal vehicle operation and use.

¢ ALTITUDE: Manufacturers must evaluate high altitude operation (Tier 2 + Tier 3).

« FIP HW, and Cold CO stds apply at 5315 ft.
. “Common calibration approaches’ must be used at all altitudes.
+ TEMPERATURE:
« Emissions should not be discontinuous at cold temperatures {down to 20°F].

¢ [EPA considers temperatures at 100°F and above normal.
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Tésting is required for:

LDV/LDT | MDPV LDV/LDT | MDPV HDV

a

Numerical standards are set for:

il

Intermediate
temperature standards
are based on:

= FTP

*  HFET

* Sometimes cold CO

Intermediate cycle
standards are based on:
= FTP

*  HFET

*  USO6

*  SCO03

Altitude standards are
based on:

« FTP

e HFET

« ColdCO
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I”

Temperature range: “norma

Defeat device prohibition: driving
tycles and conditions that may SCO3
reasonably be expected to be

encountered in normal operation
and use

temperatures
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Emissions (diesel NOx, specifically) production is a
function of:
* Drive cycle characteristics
* Acceleration and aggressiveness
e Grade changes
* Weight of vehicle (i.e. towing?)
* Temperature
e Altitude
Literature review: What really happens as parameters
are changed?
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Medium duty commercial vehicle equipped with SCR, tested on-road at
nominal temperature and altitude

Emission factor: Nox | City Interurban Highway
multiple of reg. cycle | < 35 kph 35-55 kph 55-60 kph

Base vehicle

On-road parameters changed

NOXx due to... < 35 kph 35-55 kph 55-60 kph
Running <15°C
High alt. (4700m)

Reducing GVW +76% +53% +4%

Thus, {a) drive cycle makes a large difference, (b} high ambient temperature moderately increases NOx,
{c) low ambient temperature substantially increases NOx, {d} high altitude moderately increases NOx,
and {e) higher GVW (in commercial vehicles) reduces NOx (suggestive of towing/hauling in LD).

Betageri, Vi, & Mahesh, R (2017} Effects of the Real Driving Conditions on the NOx Emission of a Medium Duty Diesel Commercial

Vehicle: SAE Technical Paper No. 2017:26-0124.
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power required to achieve both.

LSTE

Brucaton

HW

w

WVU study of FCA Ram and Jeep vehicles looked at dyno and on-road cycles.
“Characteristic power” folds together acceleration and grade effects by calculating

/7'\\

& Ram 1500, V-1c {2014}

=3

By

o

»n

/

o
»

NOx Emissions {g/km)

o

in

| MGW, hot, warm,

N
FTP, hot & cold stast - N & cold start on-road

) Brucston

1
/

3.5 4 4.5 5

Cycle characteristics

Conclusion is that standard cycles have similar operational characteristics as on-road cycles, and more
“severe” cycles produce more NOx. However, these vehicles, when tested on-road, produce more NOx,
even when the same cycle {i.e., MGW) is used.

Thus, cycle characteristics alone do not explain the discrepancy.

Beschi M. €, Chalagalla; Si H., & Carder, B ON-ROAD AND CHASSIS DYNAMOMETER TESTING OF LIGHT-DUTY DIESEL PASSENGER

CARS:

Test results
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Compares cycle-measured NOx (yellow), on-road NOx (blue), and
“constructed” data using cycle speed/load/temp and emissions measured
on-road at equivalent points.
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Process

On regulatory NEDC cycle, “constructed” data using on-road NEDC speed/load points matches all on-
road data, suggesting dyno-to-on-road discrepancy is not inherently due to cycle characteristics.

*  Forintermediate cold temperatures (10-20°C), the same discrepancy exists.

*  But for non-regulatory cycles (CADC, WLTC), the dyno and on-road emissions match.

Degracuwe, B, & Weiss, M. (2017} Doesthe New Europedn Driving Cycle (NEDCY really fall to capture the NO X emissions of
diesel cars in Europe?. Environmentol Pollution, 222, 234-241,
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Gasoline vehicles Diese| vehicles

These (c. 1990s) vehicles generally show smooth increases in all emissions with lower
temperature. Note gasoline NOx seems insensitive to temperature.

Weilenmann M Soltic, P. Saxer:C:; Forss, A. M., & Heeb; N::(2005), “Regulated and nonregulated diesel'and gasoline cold start emissions
atdifferent temperatures. " Atmospheric environment, 3813}, 2433-2441.
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W giesan)

Gasoline Euro-4 vehicles Diesel Euro-4 vehicles

These (c. 2005} vehicles generally show smooth increases in all emissions with lower
temperature, with two exceptions: PD4-6 (engine start problem) and PD4-3 (enrichment at cold).

Weilenmann; M. Favez 1Y, & Alvarez; R (2008). “Cold=start emissions of modern passenger ¢ars at different low ambient
temperatures and their evolution over vehicle legislation catesories " Atmospheric environment, 43115} 2419-2429;
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at vehicles - CO & total HC emtissions: UDC & EUDC

18
T ML = 14 {C0 Low Termperahure Test Hig- -« - S g,
] E 4 (Gasoline vehidles) !
= RS

10 1

sl

st
Q 5 *
© [E
H =
K B T [AC Low Temperalire Test limht
2 £ 45 (gasoline vahicios)

2
=3
L
i
L 05 f-m e -
= ©
x
47 G8 (EU4} 0.0 “g ] o

m
P4 Bz 03 04 DS DM D2 D3 D4 08

Gasoline vehicles - NO,_ emissions: UDC & EUDC

Bieset vehicles - NO, emissions: NEDC, UDC, EUDC
2.8

Euro 4 imit (0.25 gikm}

Eurs 5 limit (0.18 g/km}

Euro & fimit {(0.08 gikem) |
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Gasoline Euro-5 vehicles Diesel Euro-4/5/6 vehicles

These (c. 2010} vehicles have one outlier: G3 runs lean near start of cycle.
Diesel NOx generally increases by a factor of 3 to 4 at -7°C.

Dardiotis; € Martinl: G, Marotta; &, & Manfredi. U, (2013} "Low-temperature cold-start saseous emissions of late technelogy
passenger cars." Applied energy, 111, 468478
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Single vehicle, no
after-treatment
(Euro 3)

Driven at three
different altitudes

Vericie spsot

NOx

All emissions increase with higher altitude, but NOx shows maximum at 2400m.

Wang, X5 Yin HoGe Y Yu, LiXuZ, Ya, €5 & Lk Ho[2013). On-vehicls emissibn mieastirement of a light=duty dieselvan at
various speeds at bigh sltitude. Atmosphetic enviconment, 81, 263-269.
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Emissions {diesel NOx, specifically) production
Drive Cycle
*  Aggressive drive cycles produce more NOx.
«  Typical drive cycles may be more aggressive than the FTP, but US06 probably covers

the space.
*  However, on-road NOx production does not always match similar cycles in the test cell.

Temperature
*  High temperature does increase NOx, but the effect is small.
*  Low temperature increases NOx more substantially.
*  Emission production tends to smoothly increase with reducing temperature; any
exceptions have clear causes {(which might warrant looking closer at the vehicle).
*  Some emissions appear to increase quadratically; i.e., production at -20°C is much
higher than at -7°C. Is -20°C “normal operation”.in significant parts of the country?
Altitude
= High altitude does increase NOx, but the effect is small (and may be self-canceling).
Grade
= (rade can be considered as a cycle characteristic; Le., grade change and acceleration
require equivalent engine operation.
Vehicle Weight
*  Increasing in GVW may reduce NOx (unclear if this effect translates to LD/LHD).
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The relative importance of specific “off cycle” operation changes as:
* Standards tighten, reducing emissions on regulatory cycles.

* Vehicle technology and driving patterns shift.

Historically, drive cycle definitions have shifted to close the gap.
“Gaps” could exist due to:

@ Veh icle [s] pe ratio N / d rive "Real-world” characteristics affecting emissions are affected by
{1} changing vehicles and driving habits, and o
Cycle Cha racte r[stlcs {2) changing regulations, which re-balance (,’ Future
the portions of the “cycle” most . Sraneda

affecting ermissions

* Environmental effects

(e.g., temperature, i\w‘ég’glﬁ%»www
altitude, wind) eﬁ(?yj}gf‘”
* Off-cycle loading (e.g. f,fV

additional elec. loads)
« VMT
* Durability & maintenance

Drive cycle characteristics 2

* Vehicles past useful life 1870 1575 1960 1985 1999 1995 2000 2065 2610 2015 .
« Cheating
But... to what extent are these “conditions which may reasonably be
expected to be encountered in normal vehicle operation and use”?
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